widespread use of photography during the 20 th century led to easier and continuous monitoring through 'streak photography' (List, 1969; Erickson and Silk, 1980) . In the 90s, new digital cameras and informatics tools enabled the development of automatic tracking algorithms used for particle image velocimetry. RootFlowRT (Van der Weele et al., 2003) , Kineroot (Basu et al., 2007) , RootTrace (French et al., 2009) , GrowthTracer (Iwamoto et al., 2013) and Kymorod (Bastien et al., 2016) are among many recent examples of software dedicated to the monitoring of root growth. However, all particle image velocimetry methods rely on the use of identifiable image texture patterns in each successive picture.
Historically, these patterns were marked on the root using ink or graphite particles (see Sharp et al., 1988 and Merret et al., 2010 for examples). Two difficulties arise from this approach: Firstly, the markings spread during organ (root) growth, inducing loss of resolution after a few hours. Secondly, the physical marking process may stress the organ due to some combination of exposure to small forces, to light or to temperature changes, or to slight drying of the organ surface. In roots such handling effects may cause temporary slowing of growth for a period of minutes to hours. The use of infrared light (840-850 nm) has the double benefit of not influencing root growth, whilst also generating image texture patterns readily tracked using particle image velocimetry. (Bizet et al, 2015) . The protocol is adaptable for any plant species that tolerates hydroponic or in vitro cultivation (see step D3). 
Materials and Reagents

Procedure
A. Digital camera modification for infrared detection
The use of infrared light requires a modified digital camera able to detect wavelengths above 700 nm. Fortunately, the technology behind charged coupled device (CCD) sensors used in digital cameras can detect light up to more than 1,000 nm. The sensitivity of the sensor is however limited by a low-pass filter blocking infrared light above 720-750 nm, depending on manufacturer. Thus, to use a digital camera for infrared imaging, removal of the low-pass filter is necessary−its replacement by a colourless glass filter (e.g., Schott WG280) is desirable to protect against dust particles on the sensor. Filter replacement is widely used for astronomical photography, and tutorials showing how to remove the low-pass filter without damaging the camera CCD sensor are readily available on the internet (www.lifepixel.com/tutorials/infrared-diy-tutorials), with specialist companies also offering this service (e.g., above mentioned LifePixel or http://www.eosforastro.com). Figure 2 shows examples of roots from two different species filmed with a modified camera under infrared light. 
Note: The choice of a high-resolution digital camera with good quality (e.g., macro) lens is very important to avoid optical aberration (distortion) of images. This is essential to
Figure 2. Examples of root apices under infrared light for maize (A) and poplar (B).
Pictures were taken with a defiltered Nikon D5200 mounted with a macro objective (Nikkor 60 mm). Scale bars stand for 1 mm. Picture for maize was taken from Bizet et al. (2015) . c. Ensure sealing of the nutrient circulation system using plastic sealing tape.
d. Add a source of dissolved oxygen inflow in the buffer tank using an air pump, airline tubing and an air stone diffuser ( Figure 3B ). Note: All subsequent steps should be done in a dark room.
2. Gently place a root in the growth monitoring chamber and attach the plant, e.g., for poplar roots:
clamp the cutting.
3. Add an infrared lamp in front of the root apex. 5. Set up the focus on the root using the translation stage.
Notes:
7 7. At the end of the experiment, wash all the materials that were in contact with the nutrient solution.
Note: Be careful not to scratch the growth monitoring chamber as this degrades image quality
and makes organ tracking difficult or impossible.
C. Image processing
Depending on the temporal resolution desired, many images may be processed during kinematic analysis. To optimize particle image velocimetry calculation time and resolution (e.g., small roots of Arabidopsis), subsequent steps of image pre-processing should be considered. These pre-processing steps can be done with free software that allows batch processing such as Fiji (https://fiji.sc) or Rawtherapee (http://rawtherapee.com), the latter being able to read raw picture format from various manufacturers (for example .nef for Nikon or .crw for Canon). We used batch processing of Rawtherapee (see the online help files for details), with the following steps:
1. Crop images to optimize calculation time through deletion of unused information.
2. Adapt the black threshold to decrease background noise.
3. Remove the presence of overexposed areas.
4. Modify local contrasts to blur unused pixel scale details.
5. Enhance patches of pixels which are more stable between consecutive pictures ( Figure 5A ). Pre-processed pictures are then opened using dedicated software for kinematic analysis of root growth such as Kineroot (Basu et al., 2007;  Figure 5B). We worked with the green color channel as it exhibited greater contrast.
See http://plantscience.psu.edu/research/labs/roots/methods/computer for a detailed manual of Kineroot. A set of raw images, a set of processed images and a movie of the resulting analysis is provided as supplementary material. e. At the end of the experiment, wash all the materials that were in contact with the nutrient solution.
3. The protocol is flexible to suit the species and growth condition requirements. To monitor growth of gravitropic roots, use a vertical growth monitoring chamber. For in vitro plants, for which the root diameter is much finer, higher magnification may be obtained with more extension tubes on the camera, and the agar plate is directly used as the growth monitoring chamber.
Data analysis
Kinematic analyses by Kineroot provide values of velocity along the root apex, namely velocity profiles. Elemental elongation rate along the root apex is the first derivative of the velocity profile.
Alternatively, a composite growth function dedicated to root velocity profiles can be fitted on is determined at 94% of the maximal velocity to avoid infinite values.
Notes
From our observations, growth rate is very variable between individual roots, varying up to 5 fold between minimal and maximal values. Experimental design should take into account this variability to maximise the power of statistical analyses.
